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INTRODUCTION
Schizophrenia is a severe mental disorder, affecting about 1% of the population worldwide. Heritability is estimated to be around 80%, but the underlying genes are largely unknown. 1 Large-scale, genome-wide studies have identified rare genomic microdeletions as well as common variants associated with the disease. [2] [3] [4] [5] [6] [7] In a recent study, Purcell et al 2 demonstrated that data from genome-wide association studies (GWASs) for schizophrenia are compatible with a very large number of loci with common alleles (N43000), each with a very small contribution to disease susceptibility (odds ratios o1.05). Alternative approaches may be necessary to decipher the genetic basis of schizophrenia and related disorders. 8 We therefore aim to combine different layers of genomic information to uncover genetic signal from common variants that would not be identified by current GWAS approaches.
A recent meta-analysis comparing 9394 cases to 12 462 controls resulted in identification of numerous common variants 9 with sub threshold association with schizophrenia (6192 single-nucleotide polymorphisms (SNPs) with Po0.001). However, as Purcell et al. 2 showed, variants associated with the disease may not reach genomewide significance. Therefore, it is likely that there are more true positives in the top 6192 SNPs than were identified by performing a standard case-control association analysis. Subtle effects of these SNPs on gene expression could be a functional mechanism by which they confer risk for development of schizophrenia. 10, 11 Recently, it has been shown that true GWAS hits are enriched for expression QTLs (eQTLs). [11] [12] [13] [14] Therefore, variations influencing gene expression are more likely to be contributing to the phenotype. To this end, we generated eQTLs for the top 6192 SNPs (Po0.001 in meta-analysis). Next, we tested whether the identified transcripts are differentially expressed between patients and healthy controls. These analyses have the potential to provide further support in the involvement of these SNPs in schizophrenia and may highlight additional schizophrenia candidate genes that have not been identified using genome-wide significance thresholds.
Although gene expression in whole blood is only moderately correlated with gene expression in brain tissue, [15] [16] [17] several studies suggest that gene expression in blood could serve as a marker of brain-related disease states, including schizophrenia. [16] [17] [18] [19] [20] [21] [22] Therefore, gene expression profiling in blood may provide additional insight into the etiology of the disease. We performed the gene expression analyses using whole-blood samples of a relatively large sample of schizophrenia patients and controls.
MATERIALS AND METHODS eQTL analysis in controls
We calculated the eQTLs for the top SNPs 9 in a sample of 437 healthy controls for which genotypes (Illumina 370k array) and whole-blood gene expression data (Illumina H-12 beadchip) was available as described before. 11, 23 In short, this dataset consists of 244 males and 193 females with a mean age of 62 years, who where recruited as controls in a study of gene expression in amyotrophic lateral sclerosis. These control subjects were selected for being in good general health and unaffected for neurological and neurodegenerative diseases; no separate screen for psychiatric disorders was performed for these subjects.
Of the 6192 SNPs, 1336 were already available on the array. Imputation was performed by BEAGLE version 3.0.4 24 using the Hapmap phased founder set, release 2, phase 3 (The International HapMap Project, http://www.hapmap.org). A R 2 cutoff of 0.90 resulted in 4073 successfully imputed SNPs yielding a total of 5409 SNPs for analysis. The gene expression data of these controls were quantilenormalized and log2-transformed using the PreprocessCore package in R. 25 Expression probes were then filtered for mean detection value o0.90 as by manufacturer protocol, leaving 12 990 high-quality probes for analysis.
The 12 990 expression probes were taken as quantitative traits and tested for association with the 5409 available SNPs using a linear association of allele dosage with age and gender as covariates in PLINK. 26 To adjust for significant differences in mean age of this control sample and the schizophrenia sample described below, we included age (and gender) as covariates. As trans-effects are difficult to identify in a study of this size due to limited power, we focused on cis-effects only, that is, 1 MB around the probe center position on either side. We used Bonferroni correction for multiple testing, setting the significance thresholds for cis-effects 0.05/5409¼9.24E-6.
Differential expression schizophrenia versus controls
We examined whether the probes associated with the top SNPs are also related to schizophrenia disease status. This set consists of 106 schizophrenia cases and 96 healthy controls including 118 male and 84 female subjects, with an average age of 39 years. Diagnoses were determined by Standardized Psychiatric interviews, either The Comprehensive Assessment of Symptoms and History (CASH) or the Composite international diagnostic interview (CIDI) by trained clinicians. Schizophrenia was defined by a DSM-IV-TR diagnosis of #295.0-295.89, and #298.9. This study was approved by Medical Research Ethics Committee (METC) of the University Medical Center Utrecht, The Netherlands. The data was normalized (robust spline normalization), transformed (variance-stabilizing transformation) and filtered according to the Lumi procedure as described previously. 27 We used the Limma package 28 in R to generate a regression model with selected expression values as dependent and status as independent values. We included age and gender as covariates. We took FDR-corrected P-value of 0.05 as significance threshold.
RESULTS

eQTL analysis in controls
We identified 40 unique transcripts from MHC and non-MHC regions regulated by the top 5409 SNPs. The distribution of eQTL results within the cis-region is displayed in Figure 1 . As we found the signal from the MHC region in the eQTL results to be substantial, these results will be discussed separately. In total, 1664 significant cis-effects on 23 unique expression probes from 578 unique SNPs in the MHC region were found. Outside the MHC, 166 cis-effects, were identified, representing 249 unique SNPs and 17 unique expression probes. In this instance, we define unique to indicate different SNPs, without considering linkage disequilibrium (LD) between them. The eQTL effects are plotted against the rank of the SNPs in the top list in Figure 2 . This shows the effects of the MHC region to be stronger (P-values ranging from 4.6E-145 to 9.1E-6) than the rest of the genome (P-values ranging from 4.3E-24 to 9.1E-6). In addition, the highest ranking genes are dominated by effects from this region. All significant eQTL effects are given in Supplementary Table 2 .
To formally test whether the MHC is overrepresented in the eQTL results, we performed a Fishers' exact test for count data. Of the 5409 SNPs tested, 1071 are located within or are associated to a probe in the extended MHC region (chromosome 6, 26-34 MB). Even though that already represents a large part of the input, the overrepresentation in the eQTL results (unique SNPs influencing one or more expression probes) is significant when compared with SNPs located elsewhere on the genome (Fishers' Po2.2E-16). The fact that this region is known to have complicated and extended LD structures 29 may in part explain the fact that more SNPs are related to the same gene expression probes. 
Differential expression schizophrenia versus controls
The levels of 40 unique transcripts from MHC and non-MHC regions that we identified were tested for association with schizophrenia in an independent gene expression dataset of schizophrenia cases and controls. Seven of the transcripts were differentially expressed in cases. Table 1 presents the results together with the corresponding eQTL results. Five of the seven transcripts are from genes located in the MHC (TRIM26, RNF5, TUBB, HLA-DRB3, HIST1H2BD). Two differentially expressed probes are located elsewhere on the genome, C16ORF61 on chromosome 16 and CRELD2 on chromosome 22. All but two probes are downregulated in schizophrenia patients compared with healthy controls (C16ORF61 and HIST1H2BD). Although 18 of the 106 schizophrenia patients in this dataset are antipsychotic-free (eg, have not been treated with antipsychotic drugs during the 6-month-period before blood sampling), the effects of medication on gene expression in blood in the overall sample might have contributed to our results. Next, we examined whether the direction of differential expression coincided with the original meta-analysis results. When the risk allele is associated with upregulation or downregulation of expression, this should be mirrored in the differential expression results. We therefore assume that the eQTL itself is not different between cases and controls, but the frequency of the allele associated with changes in expression levels is. This was the case for three out of the seven genes; TRIM26, RNF5 and HLA-DRB3, all of which are located within the MHC region. TRIM26 is one of the genes identified as susceptibility locus in the original meta-analysis after the replication stage. 9 For our top genes (TRIM26, RNF5 and HLA-DRB3) we examined whether the same eQTLs are also present in brain, using a publically available human brain expression dataset of 144 individuals (Gibbs et al 30 GEO; GSE15745). Data are available for four different brain regions: cerebellum, frontal cortex, temporal cortex and pons. eQTL analysis was performed as described in blood, with the addition of covariates post-mortem interval, batch, and source of collection. Ring finger protein 5 (RNF5) is not expressed at detectable levels in any of these four regions, HLA-DRB3 and TRIM26 are expressed in all four brain regions. The top SNP regulating HLA-DRB3 (rs9268858) was not available for the brain dataset. However, rs2395185 is in strong LD (R 2 ¼0.98, based on HapMap3) and shows significant eQTL results for HLA-DRB3 in frontal cortex (P¼5.7E-7, beta¼À0.27, t¼À5.27), pons (P¼5.6E-3, beta=À0.22, t¼À2.82), and cerebellum (P¼5.7E-7, beta¼À0.17, t¼À3.08). Similarly, the top SNP-regulating TRIM26 (rs2844766) in blood was not available for the brain samples but rs1264616, with moderate LD (R 2 ¼0.45, based on HapMap3) shows evidence of an eQTL in cerebellum (P¼9.0E-3, beta¼0.09, t¼2.64). These eQTLs show the same directionality in both blood and brain.
DISCUSSION
Our results are noteworthy in two respects: First, we show that by combining different layers of genetic information we can successfully identify potential candidate genes for schizophrenia. By using eQTL analysis we have identified SNPs that actually have an effect on expression of transcripts that differ between patients and controls. Second, we found that the top list that we took as a starting point harbored significantly more eQTLs in the MHC region compared with elsewhere in the genome. Strong eQTLs in this region have been observed in a previous study in lymphoblastoid cell lines, derived from peripheral blood lymphocytes. 31 Specifically, cis eQTLS have been found for TUBB 32 and HLA-DRB3, 33, 34 whereas RNF5 has been found to be one of the most variable genes between individuals. 35 The fact that eQTLs in the MHC region are overrepresented in our study could 
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Abbreviations: SNP, single-nucleotide polymorphism; QTL, quantitative trait locus.
Of the 40 probes identified by eQTL analysis to be regulated by the top 5409 SNPs, 7 were also found to be differentially expressed between schizophrenia cases and controls. Of these, the direction of TRIM26, RNF5 and HLA-DRB3 coincided with metaanalysis results (printed in bold-face). The first three columns contain gene symbol, Illumina array address ID of the expression probes and location of the genes. The next part of the table contains details of the eQTL analysis, with the top SNP, its rank in the original meta-analysis, distance to associated expression probe center and eQTL P-value. The number of SNPs associated to the expression level and rank range in the meta-analysis is given, respectively. Finally, the direction of expression associated with the risk allele of the top SNP is given. The last part of the table contains the differential expression results, with average expression, the log-fold change (LFC) between cases and controls, the t-statistic and the corresponding P-value (adjusted for testing of 40 probes).
eQTL analysis highlights schizophrenia candidate genes S de Jong et al be due to the type of tissue studied. Blood has an important function in the (primary) immune response and eQTLs can be tissue-specific. 36 However, it is also possible that genetic control of this region is stronger than elsewhere on the genome, perhaps related to the extended LD patterns. The MHC harbors relatively many genes and is highly polymorphic. It regulates the immune response and has been associated to a large number of immune phenotypes and diseases. 37 The association of SNPs in these MHC genes can result from mere physical closeness to the schizophrenia variant within the MHC region. However, that would not explain the difference in gene expression of MHC genes presented here, as expression transcripts are not in LD. We find that the eQTL SNPs are often related to multiple probes of different genes within the cis-region (up to 6 per SNP). This could point to important regulatory regions in the MHC. We therefore propose that eQTL analysis could aid in the refinement of the MHC region.
Although association of schizophrenia with this area has been consistent, the functional explanation is still ambiguous. Inflammation is suggested to be an inherent part of schizophrenia. Reports show that schizophrenia patients have either higher or lower prevalence of some autoimmune disorders than expected 38 and that the efficacy of anti-inflammatory drugs differs in patients. 39 The latter observations could support the viral hypothesis of schizophrenia. 40 However, of the three identified candidate genes in the MHC region, only one has a known immune function. This is HLA-DRB3 (major histocompatibility complex, class II, DR beta 3). Class II molecules are expressed in antigen-presenting cells. They have a central role in the immune system by presenting peptides derived from extracellular proteins. The function of TRIM26 (tripartite motif-containing 26) in the classical class I subregion is unknown; however, it is thought to have DNA-binding activity. 29 RNF5 in the classical class III subregion is involved in cell motility. It has been shown to be a regulator of breast cancer progression through its effect on actin cytoskeletal alterations. 41 This suggests that the MHC signals associated with schizophrenia are not necessarily immune-related, but could also stem from genes in the region that are involved in non-immunerelated pathways.
As schizophrenia is a brain-related disease, it was useful to replicate our findings in brain tissue. Publically available brain expression data indicated that eQTLs for TRIM26 and HLA-DRB3 are also present in specific brain regions. Although these results fit well with a possible involvement of these loci in schizophrenia, the lack of sufficient number of available brain tissue from patients has prevented us to examine brain-specific differential gene expression related to disease.
In summary, we have identified three genes, TRIM26, RNF5 and HLA-DRB3 that are regulated by the most significant SNPs in a recent meta-analysis and of which expression is associated with schizophrenia disease status. These effects are small but significant, indicating that the current approach allows to detect the small functional effects that may have a role in schizophrenia susceptibility. 2 The results of this study indicate that signal not only stems from the SNPs with the most significant P-values in the top 6192 list, but can be linked to less significant SNPs as well. In addition to confirming one of the top findings in the meta-analysis, TRIM26, we also identify RNF5 and HLA-DRB3 as potential candidate genes for schizophrenia. The results of this study gives further insight into the relationship of SNPs with gene expression, highlight the importance of the MHC region for schizophrenia susceptibility and indicate that genetic causal variants for schizophrenia might act through regulation of expression. This approach can be fruitful in identifying phenotypic effects of SNPs highlighted by GWASs.
